Abstract -A silicon micromachined flow sensor composed of a platinum heater and four thermopiles centered at the heater is described Two of the four theromopiles placed up-and downstreams of the flow measure the heat cam'ed by thefluid, while the other two arrangedperpendicular to the flow direction monitor the heat transferred from the heater to the fluid This architecture allows the normalization of the output of the up-and down-stream thermopiles by the monitored output. Experimental results show that the normalization is quite useful for achieving the rangeability as wide as 1:lOOO and also for reducing the temperature and pressure dependence.
I. INTRODUCTION
"he flow meters based on the heat transfer allow the mass and pressure-loss-free flow measurements. Their principles of measurement can be divided into two methods: One is the hot-wire anemometry which is widely applied to omnidirectional flow measurements [1] [2] [3] [4] . The other is the heat propagation method [5] , [6] . This method requires the temperature sensors in addition to a heat source, but arranging two temperature sensors symmetrically with the heat source allows the directional measurement of the laminar flow, Therefore, the propagation method is available for measuring the accumulated flow quantity, even ifthe flow is pulsating. To fmd the wide applicability of the method in gas-meters, micromachining technologies are used to fabricate a heater and temperature sensors on a silicon chip [7-91. As a temperature sensor of such a micromachined flow sensor the fme platinum wire formed by deposition is used for easy fabrication.
The heat transferred from the heat source to the temperature sensors depends not only on the fluid velocity but also on the fluid temperature. To reduce the temperature dependence and thereby to increase the rangeability, the heater should operate in the constant temperature-difference mode and the sensor should detect the temperature change due to the heat transferred by the fluid [lo-121. The constant temperaturedifference operation of the heater is also useful for reducing the power dissipation of the micromachined sensor, but requires another sensor for detecting the fluid temperature and the drive circuit will be complicated. If the heat carried by the fluid is normalized by the heat transferred to the fluid, the reduction of the temperature dependence will be possible with much simpler drive circuit. Based on these ideas, a micromachined flow sensor using four thermopiles is developed [13] . In the followings, its structure and performances will be described. Figure 1 shows the photograph of the micromachined flow sensor developed. The chip measures 2mmx2mm. It is composed of the heater and four thermopiles centered at the heater. The heater is formed by depositing platinum onto the central part of the electrically and thermally isolated silicon diaphragm. The two thermopiles, which are arranged along the flow direction to measure the heat carried by the fluid, consist of 23 stacked thermocouples. The other two, which are arranged perpendicular to the flow to monitor the heat transferred to the fluid, consist of 9 stacked thermocouples. Each thermocouple consists of platinum and highly borondoped silicon. The hot junction is arranged to the periphery of the diaphragm and the cold junction to the thick substrate. The substrate has the high thermal conductivity and the cold junction is assumed to be kept at the fluid temperature.
II. FLOW SENSOR

III. SENSOR PERFORMANCES
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A. Experimental Conditions
The micromachined flow sensor is installed on the ceiling of 18x 18mm' square fluid path to measure its performances. The fluid is the air and four plates in parallel with the flow are used for the lamination. Assuming the characteristic length M.6mm, the Reynolds' number of the path is about 2,000 at the flow rate 2,000 lhour. Measurements are carried out at 25"C, 101.325kPa. The f i l m flow meter is used to measure the flow rate up to 600 Vhour and the mass flow meter to measure the higher flow rate up to 12,000 l/hour. An instrumentation amplifier is used to take the diffmence in the electromotive force (EMF) between up-and down-stream thermopiles. The EMFs of the two thermopiles placed perpendicular to the flow, on the other hand, are summed to be the monitor output. In the following figures, the difference in the EMF is denoted by VI and the monitor output by V2. Figure 2 shows the output voltages of the thermopiles as a function of the flow rate. The heater is driven in the constant temperature-difference mode. Up to 100 Vhour, VI is proportional to the flow rate and V2 is kept constant. This indicates that the heat transferred from the heat source to the fluid is independent of the fluid velocity and a conventional anemometry is inapplicable to such a low flow rate measurement. Because of the constant heat transfer to the fluid, the same result is also observed in the constant voltage drive of the heater. In the flow range higher than 100 Vhour, VI tends to saturate and V2 decreases monotonically with the flow rate. This indicates that the lower flow rate can be measured by VI and the higher flow rate by V2. Figure 3 shows the normalized output V1N2 as a function of the flow rate. As can be seen, the rangeability for *3% reading error is 1:1000, which is much wider than that of a conventional micromachined flow sensor using platinum wires as the temperature sensors. Figures 2 and 3 also compare the performances of two sensors, sensor A and B, fabricated by the identical process. The discrepancy about 10% can be seen both in VI and V2. This is attributed due mainly to the difference in the heater resistance. No appreciable discrepancy can be seen in the normalized output plotted in Figure 3 , however, indicating that the normalization cancels successfully the heater dependence. C. Heater Power Dependence Figure 4 shows the dependence of the flow characteristics on the heater voltage. Since the heater is driven in the constant temperature-difference mode, the difference between the heater and fluid temperatures increases with the heater voltage.
B. Flow Characteristics
The voltage VI increases almost linearly with the heater voltage, as can be seen in Figure 4(a) , but the dependence is greatly reduced by the normalization, as shown in Figure 4(b) . The low sensitivity of the normalized output to the heater voltage suggests that the constant temperature-difference drive of the heater can be replaced by much simpler constant voltage drive without deteriorating the temperature dependence. Figure 5 shows the dependence of the flow characteristics on the pressure. No pressure dependence is observed in the range from the atmospheric pressure to 0.8 h4Pa. In these measurements, the cylindrical pipe with 12" diameter is used as fluid path to stand the high pressure. The same flow meters described earlier are used for the flow rate measurements.
D. Pressure Dependence
25°C. In the figure, the temperature dependence of the offset in the normalized V1N2 output is also plotted. Comparing the two plots, one notices that the normalization is also useful for reducing the temperature dependence, thereby for accurate measurements of the low flow rate. IV. DISCUSSIONS The E m s of the thermopiles are independent of pressure, but depend linearly on the fluid temperature. The temperature dependence of 100 units is the same despite the spread in heater resistance. These facts mean that the temperature dependence is caused solely by the thermal property of the fluid. The effect of the thermal conductivity is canceled by the normalization, as demonstrated in Figure 3 . Therefore, the fluid viscosity is considered to be the main factor which produces the temperature dependence.
Normalization by the viscosity converts the mass flow rate to the Reynolds' number. The flow characteristics shown in Figure 6 thus converted to the Reynolds' number are plotted in Figure 7 . The temperature dependence disappears, which confirms the validity of the above deduction. The viscosity is proportion to the square root of the absolute temperature. The flow characteristics should also have the same temperature dependence, in fact. The measured dependence is linear, however, which indicates that the linear approximation holds true in the practical temperature range.
The offset voltage in the EMF depends on the detailed structure of the sensor and also on the fluid temperature. Figure  8 shows a typical temperature dependence of the offset voltage. The ordinate indicates the offset voltage normalized by that at 
V. CONCLUSIONS
A silicon micromachined flow sensor composed of the platinum heater and four thermopiles was described. The measured performances have shown that normalizing the outputs of the downstream and upstream thermopiles by that of heat monitoring thermopiles is quite useful for realizing the wide rangeability and also for reducing the temperature and pressure dependence. The lowest measurable flow rate is limited by noise. Improving the signal-to-noise ratio by increasing the heater power and the supply voltage of the signal processing circuit will further expand the rangeability.
